Introduction
Outbreaks of melon necrotic spot virus (MNSV) have been reported mainly in greenhouse melons and cucumbers. All isolates are reported to have narrow experimental and natural host ranges limited almost exclusively to members of the Cucurbitaceae. MNSV'is transmitted in nature mainly by the soil-inhabiting fungus Olpidium radicale, and can be effectively controlled by eradicating this vector (Hibi & Furuki, 1985) .
MNSV shares physicochemical properties with viruses from two groups of small, isometric plant viruses, the carmoviruses and the tombusviruses (Morris & Carrington, 1988) . Nucleotide sequence data have shown that these two groups of viruses are closely related . Physicochemical properties which MNSV shares with these viruses include a small (about 30 nm) spherical particle (Hibi & Furuki, 1985) with a single type of capsid protein of about 42K (Bos et al., 1984; Riviere et al., 1989) and a monopartite, singlestranded (ss) RNA genome of Mr 1"5 × 106 (Hibi & Furuki, 1985) .
To characterize MNSV further and to determine its relationships with other plant viruses, we have prepared and sequenced cDNA clones representing most of the MNSV genome. We have previously reported the nucleotide sequence of the MNSV coat protein gene. Its deduced amino acid sequence shares significant sequence similarity with the coat proteins of both carmo-0000-9430 © 1990 SGM and tombusviruses. Detailed comparisons, however, reveal that although MNSV is a carmovirus, its coat protein resembles the coat proteins of tombusviruses more closely than those of other carmoviruses (Riviere et al., 1989) . In this paper we report the nucleotide sequence of the MNSV genome and compare the organization and deduced amino acid sequences of its major open reading frames (ORFs) with those of other plant viruses.
Methods
cDNA synthesis and cloning. Purification of MNSV and virion RNA as well as synthesis and cloning of MNSV eDNA have been described (Riviere et al., 1989) .
Northern blots of subgenomic RNAs. Total ssRNA from mockinoculated and MNSV-infected cucumber cotyledons was prepared as described (Siegel et al., 1976) . These RNAs plus MNSV virion RNA and DNA size standards were denatured with glyoxal and electrophoresed as described (McMaster & Carmichael, 1977) . Nucleic acids were transferred to Zeta-Probe membranes (BRL) using alkaline blotting conditions (Vrati et al., 1987) . Blots were probed with selected MNSV eDNA clones labelled with 3zp by nick translation (Rigby et al., I977) .
DNA sequencing. Subclones of the MNSV eDNA clone pMNS01A (see Fig. 1 ) were generated by subcloning selected restriction fragments of this clone into the phagemid vector Bluescribe (Stratagene). Subclones of the MNSV cDNA clone pMNS17A (see Fig. 1 ) were generated by subcloning the entire insert into Bluescript (Stratagene) and generating ordered, nested deletion subclones of this insert (Henikoff, 1984) . The dideoxynucleotide chain termination method (Sanger et al., 1977) was used to sequence double-stranded (ds) plasmid DNA templates (Korneluk et al., 1985) using either the Klenow fragment of DNA polymerase I under conditions recommended by Stratagene or using modified T7 DNA polymerase (Sequenase, USB) as described (Toneguzzo et al., 1988) . Sequence ambiguities were resolved by increasing the sequencing reaction temperature, using dGTP analogues [7-deaza-dGTP with Klenow polymerase (Barr et al., 1986) or dlTP with Sequenase (Tabor & Richardson, i987) ] and/or electrophoresing reaction products through 6% polyacrylamide gels containing 40% formamide (Martin, 1987) .
RNA sequencing. Selected portions of MNSV genomic RNA were sequenced using specific oligonucleotide primers and genomic RNA as template for dideoxynucleotide sequencing with avian myeloblastosis virus reverse transcriptase. Conditions used were essentially those recommended by Stratagene for sequencing synthetic RNA transcripts, except that annealing was performed at 42 to 45 °C rather than at room temperature.
Storage and analysis of sequence data. Initial storage and analysis of sequence data used either a microcomputer version of software developed by Pustell (Pustell & Kafatos, 1984) or the Gene-Master (Bio-Rad) system. Further analysis used programs and databases available through the Canadian National Research Council's Scientific Numeric Database Service, which operates on a DEC VAX running VMS. Dot matrix comparisons of'amino acid sequences were made with a version of DIAGON (Staden, 1982) using the proportional. match method with a homology score of 350 and a span of 31 to 34. Multiple sequence alignments were made by a progressive alignment procedure which uses the Needleman-Wunsch algorithm (Needleman & Wunsch, 1970) iteratively to generate a multiple sequence alignment (Feng & Doolittle, 1987) . The ensemble of programs required for this method was kindly provided by Drs. D.-F. Feng and R. F. Doolittle of the University of California-San Diego. The Needleman-Wunsch algorithm used by the multiple sequence alignment program assesses amino acid sequence similarity using the modified Protein Mutation Matrix of Dayhoff (Dayhoff et al., 1978) . The amino acid sequences of probable MNSV proteins were compared to sequences in several protein and nucleotide sequence databases using the FASTA and TFASTA programs respectively (Pearson & Lipman, 1988) . The RDF2 program (Pearson & Lipman, 1988 ) was used to help evaluate the significance of these comparisons. Databases used included the protein sequence libraries of the NBRF (Release 20), Swiss-Prot (Release 10) and Pseqlp (Release 6) as well as the nucleotide sequence libraries of the NBRF (Release 35), GenBank (Release 59) and EMBL (Release 19).
Results and Discussion

Sequencing strategy
Both strands of two cDNA clones representing about 95% of the genome (pMNSI7A and pMNS01A; Fig. 1 ) were sequenced at least once and each nucleotide was sequenced an average of six times, These clones overlap for about 390 nucleotides. A single nucleotide difference (A or U) was found between these clones in this overlap region at nucleotide 2389. This polymorphism would result in a single conservative amino acid substitution (see Fig. 2 ). As indicated in Fig. 1,178 as template for dideoxynucleotide sequencing because the cDNA clone pMNS17A does not cover this area. The autoradiogram showing the sequence at the 5' end contained one major stop point, indicating that only the ultimate 5' nucleotide had not been determined. The central region of the genome was initially sequenced from cDNA clones. Based on the sequence of these clones, the organization of the ORFs in this area differed from that of related viruses (see Fig. 9 ). The sequence of 418 nucleotides in this area (nucleotides 2416 to 2833) was therefore confirmed using oligonucleotide primers and virion RNA as template for dideoxynucleotide sequencing. Three different cDNA clones (pMNS01 A, pMNS40A and pMNS06F) mapping to the 3' terminus of the genome were used to determine the Y-terminal sequence of MNSV. The sequence of each could be read up to the poly(A) tail added during the cloning procedure and the sequence of pMNS40A could also be read in the opposite direction. The extreme Y-terminal sequence of each clone is different as shown in Fig. 2 and as discussed below. The ultimate 3' nucleotide of each clone is designated (A,) because it could not be determined by the sequencing method used how many, if any, of the A residues on the autoradiogram at this point were part of the viral sequence rather than the poly(A) tail. Fig. 2 shows the nucleotide sequence of the MNSV genome and the deduced amino acid sequences of its probable proteins. The genome consists of at least 4262 nucleotides. This agrees well with previous estimates of the Mr of MNSV virion RNA (Hibi & Furuki, 1985) . (Carrington et al., 1989) . Numbers beneath the coding regions of MNSV indicate nucleotide positions. The approximate sizes of virus-specific ssRNA species which serve as templates for translation are indicated on the right in kb. F1 to F3 indicate the positive-sense reading frame from which proteins are translated. Arrows indicate termination codons proposed to be read through.
Nucleotide sequence and organization of the MNSV genome
The genomic organization and probable translation strategy of MNSV therefore appears to be as follows (see Fig. 4 ). The identity of the ultimate 5' nucleotide of the genome was not determined, and it is not known whether the 5' end of MNSV is modified. A Y-proximal noncoding region of 87 nucleotides precedes the first AUG codon found in the sequence. This initiator is in reading frame 1 and is followed by an open region which encodes a protein of 29 228 Mr (p29). This ORF terminates with an amber codon, but the frame remains open so that if readthrough occurs, a protein of 88 683 Mr (p89) would be produced. Overlapping the p89 ORF at the 3' end by 19 nucleotides is an ORF in reading frame 3 encoding a 7104 Mr protein (p7A). This ORF also terminates in an amber codon and the frame remains open so that if readthrough occurs, a protein of 13 915 Mr (p 14) would be produced. This readthrough area also has an in-frame initiation codon three nucleotides 3' to the p7A terminator raising the possibility that this ORF is expressed as an independent protein of 6589 Mr (p7B). The ORFs encoding p14 and p7B terminate with an ochre codon. Overlapping the 3' ends of these ORFs by 11 nucleotides is an ORF in reading frame 1, which encodes the 41840 Mr coat protein (p42) which has been previously described (Riviere et al., 1989) . The ochre terminator of the p42 ORF is followed by a Y-proximal non-coding region of at least 276 nucleotides.
Exactly where the 3' end of the MNSV genome terminates and the identity of the Y-terminal nucleotides is uncertain even though, as noted previously, three different cDNA clones corresponding to this region were sequenced. The sequence of these three clones was identical up to and including nucleotides 4261 to 4262. All three clones have the sequence CC at these two positions. The sequence of pMNS06F terminates at nucleotide 4262. pMNS01A contains four more nucleotides [CUUU(An)] and pMNS40A contains five more nucleotides [CGCCU(An)]. The only matching nucleotide in the extensions of these two clones is the C at nucleotide 4263. It is unclear why the 3' termini of these three clones differ, pMNS06F may have been synthesized from a molecule of viral RNA which was slightly degraded before or during polyadenylation. The different length and sequence of the 3' ends of pMNS01A and pMNS40A are more difficult to explain. The differences may be artefacts occurring during cDNA synthesis and cloning or through errors in replicating these sequences after cloning. Alternatively, the observed variability may reflect natural variability in the 3' end of MNSV RNA. This could arise through errors in replication or through post-transcriptional, non-templated additions (Rao et al., 1989 ) of short, variable, 3' extensions. Viral RNAs with such variable 3' ends would have to be able to be efficiently replicated or edited in order to build up to levels in the population where they would be detected in cDNAs synthesized from viral RNA,
Probable translation strategy
The translation strategy illustrated in Fig. 4 is proposed for MNSV based on the corresponding genomic locations of ORFs deduced from the MNSV nucleotide sequence (see Fig. 2 ) and of MNSV-specific ssRNAs produced during infection (see Fig. 3 ) as well as on comparisons with the translation strategies of related carmoviruses. It is suggested that p29 and its readthrough protein p89 are expressed from genomic-length RNA, whereas p7A and its readthrough protein p14 are expressed from the 1-9 kb MNSV subgenomic RNA. 
BYDV (416) G D~A I Y P-~R~E H D I~T D T ~ D Y~ K S I I E E V~Y C K T Y P A ~
MNSV (379) (617) ~" Pairwise comparisons were based on the multiple alignment in Fig. 5 . Carrington et al., 1989; Nutter et al., 1989; Miller et al., 1988) . It has also been reported that the polymerases of BYDV (Miller et al., 1988) and CNVand CarMV show no discernible amino acid sequence similarity (outside of the GDD motif and surrounding amino acid residues) with the polymerases of viruses in either the alpha-or picornavirus supergroups proposed by Goldbach (1987) . On this basis, it has been suggested that the carmoviruses, tombusviruses and BYDV should be classified in a third supergroup . The polymerase domains of MNSV, TCV and MCMV share high amino acid sequence similarity with the polymerases of CNV, CarMV and BYDV but, like these viruses, show very little similarity with the polymerases of viruses in the two established supergroups (unpublished observations). It seems, therefore, that MNSV, TCV and MCMV should also be included in the new supergroup suggested for CNV, CarMV and BYDV.
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(ii) MNSV p29 As shown in Fig. 6 and Table 2 , the pre-readthrough domain of p89, MNSV p29, shares a high degree of amino acid sequence identity with similarly positioned proteins of the carmoviruses CarMV (21~) and TCV (23~) and the carboxy-terminal half of p50 of the unclassified virus MCMV (18%). It has previously been reported that this domain shares amino acid sequence similarity in several of these viruses (Carrington et al., 1989; Nutter et al., 1989) . MNSV p29 shows no discernible amino acid sequence similarity with the analogous proteins of either the tombusvirus CNV p33 or the luteovirus BYDV p39. This provides further support for classifying MNSV as a carmovirus.
The actual function of MNSV p29, either as a separate protein or as a domain of MNSV p89, is unknown. Its amino acid sequence showed no obvious similarities with * Amino acid sequence identity (~) was calculated as described for Table 1. t Pairwise comparisons were based on the multiple alignment in Fig. 6. proteins in the databases searched and therefore no clues as to its function were obtained in this way.
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(iii) Nucleotide-binding proteins MNSV lacks a protein containing the complete amino acid sequence motif characteristic of nucleotide-binding proteins (Gorbalenya et al., 1988 (Gorbalenya et al., , 1989 Hodgman, 1988) that are found in regions N-terminal to the polymerase domains of nearly all positive-sense, monopartite, ssRNA viruses (Gorbalenya et al., 1989) including viruses from both of the proposed supergroups. TCV and CarMV (Carrington et al., 1989) as well as CNV, MCMV and BYDV (unpublished observations) also lack a protein containing a complete nucleotide-binding motif. It has been suggested that the lack of a nucleotidebinding domain may mean that the enzymol0gy of RNA replication is unique in these viruses, or that host proteins have been adapted to carry out the required activities (Carrington et al., 1989) . The fact that the amino acid sequence of the polymerases of these viruses is so different from those of viruses in the two proposed supergroups may also indicate these viruses have a unique replication strategy. Alternatively, they may use a similar replication strategy but encode replicative proteins that, although they carry out the same function, differ significantly in amino acid sequence from the analogous proteins of viruses in the two supergroups. However, the unusual features of these viruses' putative replicative proteins, i.e. absence of a protein containing a typical nucleotide-binding domain and an unusual polymerase amino acid sequence, would still seem to support the idea of classifying MNSV and the other five viruses compared in a new supergroup.
(iv) Differences in the degree of amino acid sequence conservation between the two replicase domains The fact that the pre-readthrough domain of the putative viral replicase is detectably similar in only four of the six viruses compared although the polymerase domain is similar in all six may provide an example of two different functional domains of the same protein evolving at different rates. Alternatively, the two functional domains may have had independent evolutionary origins and have become part of the same protein via RNA recombination (Zimmern, 1988) .
(v) Central genomic region Fig. 9 compares the central regions of MNSV, CarMV, TCV and MCMV showing regions that share amino acid sequence similarity. As shown in Fig. 7 and Table 3 , MNSV p7A shows significant amino acid sequence identity with the analogous proteins of the carmoviruses, CarMV p7 (32~) and TCV p8 (26~) and the unclassified virus MCMV p9 (15~). Such similarity has previously been reported among the latter three viruses (Nutter et al., 1989) and between CarMV p7 and TCV p8 (Carrington et al., 1989) . The high degree of amino acid sequence identity between MNSV p7A and analogous carmovirus proteins again supports classifying MNSV as a carmovirus. The function of these proteins is unknown. No obvious sequence similarities that might suggest the function of MNSV p7A were found in the databases searched. It has been suggested that CarMV p7 and TCV p8 may be involved in virus transport (Guilley et al., 1985; Carrington et al., 1989) .
As shown in Fig. 8 and Table 4 , MNSV p7B (or the readthrough portion of MNSV p14) shows amino acid sequence similarity with the deduced amino acid sequences of analogous regions of the CarMV, TCV and MCMV genomes (see Fig. 9 ). Such similarity has previously been reported between TCV and CarMV * Amino acid sequence identity (~) was calculated as described for Table l. ~ Pairwise comparisons were based on the multiple alignment in Fig. 7 . * Amino acid sequence identity (~) was calculated as described for Table 1. t Pairwise comparisons were based on the multiple alignment in Fig. 8 . (Carrington et al., 1989) . MNSV p7B shows no discernible amino acid sequence similarity with any regions of CNV or BYDV. The selection pressure for conservation in these areas among the first four viruses appears to be at the amino acid sequence level rather than at the Fig. 9 . Summary of the amino acid sequence similarities between MNSV and several other plant viruses. Regions sharing amino acid sequence similarity are indicated by similar shading. Dashed rectangles in TCV and MCMV indicate areas which exhibit amino acid sequence similarity with MNSV but lack an obvious means of expression. Arrows indicate termination codons thought to be read through and in BYDV indicate a proposed frameshift site. The BYDV p99 and p72 proteins would result from framesbift or readthrough translation, respectively. nucleotide sequence level. Fig. 9 shows these regions are arranged differently in each virus, and some viruses have more plausible translation strategies than others for expressing the conserved region. In MNSV this region could be expressed as part ofpl4 by suppression of the p7A amber terminator, or as a separate protein, p7B. However, a separate subgenomic RNA enabling expression of MNSV p7B has not been detected. Similarly, this region in CarMV could be expressed as the carboxy-terminal portion of p98 via suppression of the two amber terminators of CarMV p27 and p86, respectively. Readthrough of both these terminators has been shown to occur in vitro (Harbison et al., 1985) . This region of CarMV also contains two inframe start codons, either of which could initiate translation of a small protein from the conserved region, but a separate subgenomic RNA for expression of such a protein has not been reported (Carrington & Morris, 1986) . Similarly, expression of this region in TCV could occur as a small, separate protein, but a corresponding subgenomic RNA has not been reported (Carrington et al., 1987) .
Expression of the analogous region in MCMV is even more difficult to explain. It cannot be expressed by readthrough of the replicase because of intervening stop codons. Expression as a separate small protein seems impossible because no in-frame start codons exist in this area. This region could be expressed as an extension of MCMV p9 via a frameshift mechanism.
Given that expression of this region as protein is questionable in all four viruses and that the observed amino acid sequence does not appear to arise from conservation at the nucleotide sequence level, it is difficult to explain why the amino acid sequence is so conserved. If this region is expressed in one or more of these viruses it would most likely form part of a different protein in each virus (see Fig. 9 ).
No obvious amino acid sequence similarity was found between MNSV p7B and proteins in the databases searched which might suggest its function.
(vi) Coat protein
The nucleotide sequence of the ORF encoding the coat protein of MNSV, and its deduced amino acid sequence have previously been described (Riviere et al., 1989) . Detailed comparisons showed that although the MNSV coat protein shares a high degree of similarity with the coat proteins of both the carmo-and the tombusviruses, it resembles the coat proteins of tombusviruses more closely. Fig. 9 compares the genomic organizations of MNSV, the carmoviruses CarMV and TCV, the tombusvirus CNV, the unclassified virus MCMV and the luteovirus BYDV. It also indicates regions of amino acid sequence similarity between MNSV and these viruses. Although MNSV shares some amino acid sequence similarity with each of these viruses, its non-structural proteins share the greatest sequence similarity with those of the carmoviruses. MNSV also closely resembles these viruses in the number, size and genomic organization of its probable proteins, as well as in its likely translation strategy. Based on these molecular similarities, as well as on previously reported physical, chemical and biological similarities to various carmoviruses, we propose that MNSV be classified as a member of the carmovirus group.
Conclusions
During the final stages of our preparing this manuscript, Habili & Symons (1989) published an exhaustive analysis of the nucleic acid helicase and RNA-dependent RNA polymerase motifs found in positive-sense RNA plant viruses. They propose that these motifs serve as a new basis for classifying these viruses into supergroups. Their analysis supports the conclusion in this paper that the carmoviruses MNSV, CarMV and TCV, the tombusvirus CNV, the unclassified virus MCMV and the luteovirus BYDV should be classified in a new virus supergroup. In addition, the putative polymerases of the dianthovirus red clover necrotic mosaic (RCNMV) and the human pathogen hepatitis C virus (HCV) have recently been reported to share extensive sequence similarity with the polymerases of some of the viruses in the proposed new supergroup (Xiong & Lommel, 1989; Miller & Purcell, 1990) . RCNMV may therefore become the first multipartite member and HCV the first animal virus member of this new supergroup. The addition of these viruses would suggest that the members of this new viral supergroup are as diverse in genome type and host range as members of the established alpha-and picornavirus supergroups.
